Mixed oxides containing anatase and 5-20 mol% alumina have been synthesized from a precursor sol containing acetic Ž . acid modified titanium isopropoxide and boehmite AlOOH . The resultant oxides retain considerable anatase phase at 10008C and have specific surface area many times higher than that of pure titania. A composite precursor containing titania-20 mol% alumina after calcination at 4508C, has a specific surface area as high as 318 m 2 rg compared to a value of 100 m 2 rg for pure titania prepared under identical conditions. The uniform dispersion of the nanoparticles of alumina in the titania gel matrix causes reduction in the anataseranatase contact points and thus results in a decrease of nucleation sites leading to increase in thermal stability of anatase phase. The high surface area and porosity could arise from the highly branched acetate polymeric gel. The sintered density of compacts derived from mixed oxides is also brought down considerably compared to pure titania counter parts. q
Introduction
Sol-gel titania has received increasing significance recently because of its wide applications in the w x w x w x field of catalysis 1 , membranes 2 , gas 3 and w x humidity 4 sensors. Al O doped TiO is reported 2 3 2 w x as a hydrogen gas sensor 5 . Titania membranes are reported to have unique characteristics such as high water flux, semiconductance and chemical stability over other membrane materials such as g-alumina, w x silica and zirconia 6-8 . Titania mainly exists in two forms, anatase and rutile, with a transformation ) Corresponding author. Fax: q91-471-491712.
Ž . E-mail address: warrier@csrrltrd.ren.nic.in K.G.K. Warrier . temperature occurring in the temperature range of w x 600-8008C 9-11 . The anatase form is often indicated to be a better photoactive semiconductor in many environmental applications such as air purification, waste water treatment, hazardous waste conw x w x trol 12 , and in high temperature catalysis 13 . Therefore, high temperature stable porous anatase form of titania is most desirable in applications such as catalysts and catalyst supports. Many attempts including the sol-gel route have been reported to w obtain titanium oxide having above properties 13x 16 . The anatase-rutile transformation is usually affected by the synthesis conditions as well as impuriw x ties 14-16 . The effect of many oxide additives has been investigated and a relationship between the transition temperature and ionic radii of the cations 00167-577Xr00r$ -see front matter q 2000 Published by Elsevier Science B.V. All rights reserved.
Ž . PII: S 0 1 6 7 -5 7 7 X 9 9 0 0 2 7 5 -X ( ) w x has been recently reported 17 . Addition of alumina and silica to titania increases the anatase-rutile w x transformation temperature to above 10008C 18 . Other oxide additives indicated to raise the anatase to rutile transformation temperature are alumina and w x zirconia 19,20 . Change in oxygen vacancy concenw x tration, formation of solid solution 21 , and an exsolution process from the solid solution to rutile and w x dopant oxide 22 are a few of the many mechanisms proposed for the delayed or enhanced anatase-rutile transformation in presence of dopant oxides. In this process, alumina also restricts the grain growth occurring during the anatase-rutile transition, thus contributing to enhanced porosity. The primary requirement for an effective inhibition of anatase-rutile transition is believed to be a uniform distribution of fine alumina phase in the titania matrix. The reported synthesis methods followed hydrolysis of titanium alkoxide in presence of excess water and incorporaw x tion of boehmite 23 . In the sol-gel process, controlled hydrolysis followed by condensation between particles leads to aggregation and results in formation of three-dimensional network of particles. Such precursor gels are often modified by adding chemical w x modifiers for achieving increased stability 24,25 . Introduction of acetic acid in the titania gel causes an exothermic reaction involving the replacement of isopropoxide groups by chelating acetate groups. The bridging acetate ligands that remain bonded to titanium prevent the hydrolysis reaction effectively by altering the condensation pathway and promoting the formation of linear polymers, which consist of edge w x shared octahedra 26 . The polymer incorporation forms a highly networked system, which on decomposition, will provide additional microporosities in the final titania particles in addition to what occurs w x in direct hydrolysis 27 . Therefore, a novel route is proposed in which nanosize sol of boehmite, as source of alumina, is distributed uniformly in a titania precursor containing acetic acid modifier, to synthesize titania-alumina mixed oxides.
Experimental

Ž
. Titanium isopropoxide Aldrich Chemicals, USA and boehmite sol, prepared from aluminium nitrate Ž . S. D. Fine Chemicals, India by controlled hydroly-w x sis as reported earlier 28 , were used as the starting materials. The titanium isopropoxide, acetic acid and w x water were taken in the molar ratio 1:10:100 14 . In a typical experiment for preparing 5 mol% aluminadoped titania, 33.6-g titanium isopropoxide was taken in a beaker, 60-ml acetic acid was added as modifier and the mixture was stirred well for about 30 min. To this solution, 180-ml water was slowly added. The precipitate formed first slowly got dissolved on further addition of water and finally a clear transparent sol was obtained. Stirring was continued for another half an hour. To this solution, 33.689 g of Ž . estimated boehmite sol equivalent to 5 mol% Al O 2 3 was added and the stirring was continued for another half an hour. Similar procedure was followed for the preparation of 10, 15, 20 mol% alumina added samples. In all the experiments, sol was allowed to form a gel on a steam bath. The gels obtained were dried in an electric oven set at 708C over a period of 24 h. Fractions of this gel were calcined at 600, 800 and 10008C for 3 h each. X-ray powder diffraction patterns of calcined samples were recorded in Philips Ž . Diffractometer PW1710 . Specific surface area Ž . BET of the 4508C calcined powders were measured Ž . Micromeritics, Gemini model 2360 after degassing the samples at 2008C for 5 h. The FTIR spectra of the doped and undoped gels were measured using a Nicolet Magna IR 560 Spectrophotometer in the frequency range 4000 to 400 cm y1 as powders dispersed in KBr pellets. The gels calcined at 4508C were uniaxially compacted to size of 10-mm diameter and 1-mm thickness and were sintered at 12008C. Density of the sintered samples was measured by Archimedes principle with water as the reference medium.
Results and discussions
The FTIR spectra of the precursor gels of titania Ž . and titania-boehmite equivalent to 20 mol% Al O 2 3 are presented in Fig. 1 . The bands at 3376 and 3390 cm y1 are common in both the samples and are assigned to the stretching and bending modes of w x Ž adsorbed water 29 . In the spectra of titania gel Fig. . COO vibrations due to excess acetic acid. In the spectrum corresponding to titania-boehmite mixed Ž . gel Fig. 1b , all the characteristic peaks of boehmite appear at frequencies 3300, 2099, 1640, 1381, 1036, 632 and 492 cm y1 co-exist with those corresponding to bidentate acetic acid. The polymeric titanium acetate is soluble in excess of water as a result of which a clear sol is obtained. The hydrolysis of chelating acetate groups is relatively slow, and certain acetate groups are still retained in the monolithic xerogel, which can be eliminated on calcination of Ž . the gel above 3008C. Addition of boehmite AlOOH is believed to strengthen the gel structure, increase resistance to drying stresses, and result in increased surface area. The surface area of the precursor gels calcined at 4508C is given in Table. 1 Titania gel without dopant has surface area of 105 m 2 rg and pore volume of 0.1535 cm 3 rg. Usually, acid hydrol- . cm rg ysis of titanium isopropoxide yields a specific sur-2 w x face area of ; 50 m rg 26 . The increased surface area of 105 m 2 rg is attributed to the contribution from the modified gel. Addition of 20 mol% alumina in the form of boehmite further increases the specific surface area of the mixture of oxides to as high as 318 m 2 rg with a pore volume of 0.3242 cm 3 rg. This large enhancement in surface area is not only due to the contribution from the alumina component Ž 2 . w x usually ; 350 m rg , 25,30 but has been expected to originate from the decomposition of the acetic acid modifier involved in resultant polymeric gel network. The nitrogen adsorption isotherms of the samples with various compositions are given in Fig. 2 . The titania gel-derived sample shows a pore distribution consisting of pores in the micro and gradual increase with increase of alumina content.
Although the adsorption isotherm more or less belongs to Type IV, there appears a distinct influence on pore size distribution by nanosize alumina incorporated in the boehmite form. The titania precursor with and without the presence of boehmite studied by X-ray powder diffraction indicated a significant rise in temperature of Ž . transformation of anatase to rutile phases Table 2 The weight fraction of the rutile present in the The nucleation and growth processes associated with phase transformation get delayed in the presence of alumina and this promotes pore development in titania. The uniform dispersion of the nanoparticulate boehmite sol in the polymeric titania precursor is considered to have caused reduction in the anataseranatase contact points thereby leading to enhanced thermal stability. The densification of undoped titania could be done at 12008C and density as Ž . high as 98% was obtained Fig. 4 . With increasing alumina addition, the density decreases and reaches a value as low as ; 55% for 20% Al O . The de- 2 3 crease in sintered density of titania containing alumina could be due to the fine distribution of Al O 2 3 at grain boundaries. There has been no indication of substitution or formation of aluminium titanate in this study at the temperature of densification.
Conclusions
Ž .
1 High surface area titania having specific surface area as high as of 318 m 2 rg has been prepared by incorporating up to 20 mol% of alumina in the form of boehmite in a titania polymer precursor.
Ž .
2 Addition of alumina has resulted in a shift of the anatase-rutile transformation to higher temperatures by about 2008C, in agreement with earlier investigations.
3 Alumina addition has been found to inhibit densification of titania to a larger extent resulting in porous substrates.
